Design of tissue-specific contrast agents to delineate tumors from background tissues is a major unmet clinical need for ultimate surgical interventions. Bioconjugation of fluorophore(s) to a ligand has been mainly used to target overexpressed receptors on tumors. However, the size of the final targeted ligand can be large, >20 kDa, and cannot readily cross the microvasculature to meet the specific tissue, resulting in low targetability with a high background. Here, we report a small and hydrophilic phenoxazine with high targetability and retention to pancreatic neuroendocrine tumor. This bioengineered fluorophore permits sensitive detection of ultrasmall (<0.5 mm) ectopic tumors within a few seconds after a single bolus injection, highlighting every tumor in the pancreas from the surrounding healthy tissues with reasonable half-life. The knowledge-based approach and validation used to develop structure-inherent tumor-targeted fluorophores have a tremendous potential to improve treatment outcome by providing definite tumor margins for image-guided surgery.
HIGHLIGHTS

INTRODUCTION
An ideal tumor-targeted contrast agent should have high uptake and prolonged retention in malignant tissue as well as minimum uptake and fast clearance from surrounding normal tissues (Choi and Kim, 2020; Owens et al., 2015) . The most common tumor targeting strategy is to conjugate a targeting ligand (e.g., small molecule, peptide, peptidomimetic, or protein) to a contrast agent . Targeted delivery of a specific agent to the cancerous tissue is significant for oncologists to plan a treatment strategy as well as for surgeons to decide the surgical margin based on image guidance (Kang et al., 2016 (Kang et al., , 2020 .
The resection of pancreatic neuroendocrine tumor (PNET) and the avoidance of normal pancreas represent a significant unmet clinical need. Currently, intraoperative visual inspection and palpation performed by the surgeon is considered the most reliable source for PNET detection, which often results in incomplete resection of the tumor, with 5-year disease recurrence rate of 10% and 97% of patients without and with liver metastasis, respectively (Mayo et al., 2010; Lo et al., 1997; Mabrut et al., 2001; Ravi and Britton, 2007) . Therefore, complete tumor resection remains the only treatment option that improves patient survival (Wong et al., 2018; Mayo et al., 2010) .
Significant efforts have been focused on improving preoperative and intraoperative identification of tumors and their margins; however, it presents a major challenge to detect PNET with sufficient sensitivity (Grant, 2005; Galiber et al., 1988) . Conventional preoperative techniques such as computed tomography (CT), magnetic resonance imaging (MRI), and endoscopic ultrasonography are successful in localizing larger tumors, although detection is very challenging for subcentimeter lesions with a broad-ranged sensitivity (9.6%-71%) (Galiber et al., 1988) . Undetectable small-size PNET can cause severe symptoms of hormonal imbalance such as hypoglycemia or hyperglucagonemia due to excess production of insulin or glucagon, respectively. To increase small tumor detection, glucagon-like peptide-1 (GLP-1) radioligands were developed to diagnose PNET with highly expressed GLP-1 receptors on beta-cells, yet detecting tumors <2 cm remains elusive (Reiner et al., 2011; Wild et al., 2008) .
Near-infrared (NIR) fluorescence imaging has the potential to improve the detectability and spatial resolution significantly (Hyun et al., 2014 (Hyun et al., , 2015b Owens et al., 2016) . Currently, only two small NIR fluorophores, methylene blue (MB) and indocyanine green (ICG), have been FDA approved for tumor imaging in the clinics without clarifying the mode of action (Tummers et al., 2014; Alander et al., 2012) , resulting in low tumor-to-background ratio (TBR). Previously, MB was used for detecting insulinoma, the most common functioning PNET, using optical imaging (Winer et al., 2010) . However, due to its poor optical properties (i.e., low molecular brightness), rapid clearance from the body, and chemical reduction, MB is not ideal for intraoperative tumor targeting. Therefore, bioengineering of a single NIR small fluorophore to target such a tiny neoplasm is of significant importance with improved specificity and biodistribution (Hyun et al., 2015a; Choi, 2014) .
The delivery and retention of a molecule in tumor tissue is dependent on the size, charge, hydrophobicity, pharmacodynamics, pharmacokinetics, and its transport across the tumor vasculature (Kang et al., 2018; Lee et al., 2012) . However, the physicochemical properties of cancer-targeting fluorophores are not well established. In the present study, we have developed a lead PNET-targeted, phenoxazine-based NIR fluorescent contrast agent by analyzing the biodistribution of a small fluorophore library with the potentials to accumulate into PNET using insulinoma-bearing transgenic mice. Thereby, we have determined bioengineering of the physicochemical properties, and pharmacokinetics is required to achieve the specific targeting for PNET that can provide image guidance needed during the tumor resection.
RESULTS
Systemic Modification for Development of PNET Targeting NIR Fluorophore
MB is the first and the only NIR fluorophore used for intraoperative localization of PNET (Winer et al., 2010) . However, when MB is administrated intravenously into the body, approximately 75% is reduced to leuco-MB in erythrocytes via the endogenous reductase by consuming NADPH and loses fluorescence (May et al., 2003; Blazquez-Castro et al., 2009; Bradberry, 2003; Matsui et al., 2010) . Despite these limitations of MB as an endocrine tumor imaging agent, we still believed that the core structure of the MB holds the key properties for the initial accumulation into the tumor and hypothesized that systematic modification of MB could potentially improve its optical and biological characteristics.
Therefore, we first focused on enhancement of optical properties and in vivo stability of MB. Among several different substitutions of the MB core (data not shown), we found that substitution of the sulfur atom of MB with oxygen resulted in the most improvement in both optical and biological properties (Figure 1A) . With this first modification, we named the molecule Ox61 (see Transparent Methods and Figures S1-S5). The single oxygen substitution in Ox61 led to hypsochromic shift and 5.7-fold brightness increase compared with MB: 1.3-fold increase in molecular absorbance (Dε = 12,300 M À1 cm À1 ) and 4.5-fold increase in quantum yield (DF = 8.6%), respectively ( Figures 1B-1D) (Bradberry, 2003) .
To show high redox stability toward biological reduction after oxygen substitution, we performed an in vitro live cell assay to evaluate the cellular specificity by comparing MB and Ox61 in . Both MB and Ox61 stained the NIT-1 cells; however, Ox61 showed a significantly higher signal compared with MB ( Figure 1E , P<0.05). We subsequently treated the membrane-stained cells with 0.1 mM periodic acid to test the presence of the leuco form of both fluorophores. Interestingly, the fluorescence signal of MB inside NIT-1 cells was recovered by oxidation, whereas no notable changes were observed in the Ox61 stained cells, which remained high pre-and post-treatment. Similarly, we also treated periodic acid on the kidneys resected from normal CD-1 mice 1 h after injecting 1.5 mg/kg of MB or Ox61 intravenously. The fluorescence signal significantly increased in the MB-injected mouse kidney, whereas no intensity changes were found in the Ox61-injected mouse kidney (Figure S6, P<0.0001) . This indicates that MB is reduced to LMB by endogenous reductase, but Ox61 is stable from the redox cycle and retains strong fluorescence signal. (E) Live cell binding assay: 2 mM of MB or Ox61 was incubated for 1 h with NIT-1 (pancreatic beta cell) and a-TC1 (pancreatic alpha cell) cell lines, followed by treatment with 0.1 mM of periodic acid to induce oxidation. Scale bar, 50 mm.
Structural Characterization of PNET Targeting NIR Fluorophore
After the first modification and the improvement in optical properties and biological stability, we then synthesized 18 additional phenoxazine derivatives by varying side chains (Figure 2A) . To test the tumor targetability of these derivatives, 1.5 mg/kg of each molecule was injected intravenously into the insulinoma bearing mice and imaged 30 min after injection under the FLARE intraoperative optical imaging system ( Figure S7A ) . Physicochemical properties and tumor-to-background ratio (Tu/Pa) of MB and molecules in PNET library are summarized in Table 1 . Among the 19 contrast agents, four (Ox61, 89, 261, and 266) had TBR >2.0 and only Ox61 had TBR >5.0. We then analyzed the quantitative physicochemical properties of the molecules to define the criteria required for PNET targetability. Molecular weight (MW), hydrophobicity, and total polar surface area of each agent were plotted in a chart, and Ox61 was labeled with red (TBR >5.0), MB with blue, molecules with TBR above 2 with orange, and the rest with dark gray ( Figure 2B ). Based on the chart, we were able to determine the PNET targetability range for each chemical property (red margin), and if the molecule did not fall within the optimal range, it had low or no tumor targetability. In summary, highly hydrophilic molecules with low molecular weight (<300 Da) and low TPSA (<40) had suitable accumulation in PNET. In addition, positive charge of the molecule favored tumor accumulation. Another interesting observation was that change in hydrophobicity of the molecule with elongation of side chain dramatically altered tumor targetability ( Figure S7B ). Other critical factors influencing tumor targeting are the plasma pharmacokinetics of probe residence in the circulation and diffusivity of the molecule across tumor vasculature into the extravascular tissue 25, 26 (Dewhirst and Secomb, 2017) . To evaluate the probe transport in circulation, we performed plasma protein binding test using the rapid equilibrium dialysis (RED) to determine the free (%Fu) and bound (%Bound) fraction of drugs in plasma. As a result, Ox61 with the highest tumor uptake had the least plasma protein bound fraction (45% bound) and the Ox89, 261, and 266 with TBR around 2 also had (<50%-70% bound), which is relatively low compared with the rest of the drugs with low or no tumor uptake (90%-100% bound) (Table 1, Figure 2B ). These results indicate that low plasma binding favors tumor targeting, which would prevent sequestration of a probe to plasma compartment.
Kinetics and Dose Dependence of Ox61
Because MB is the only available PNET contrast agent, we compared results directly obtained with the lead compound Ox61 with MB. We first compared in vivo biodistribution and clearance pattern in normal CD-1 mice 4 h after a single intravenous injection of Ox61 or MB ( Figure S8 ). The pattern for biodistribution and renal excretion was almost identical, but the fluorescence signal in the Ox61 injected mice was about 2-to 5-fold higher than MB injected mice. We also compared in vivo biodistribution and blood clearance and found that Ox61 had prolonged blood circulation compared with MB. In these comparisons, we excluded the measurement of leuco-MB form to make a direct comparison with Ox61 for their in vivo fluorescence signals. The elimination blood half-life (t 1/2b ) of Ox61 was 3-fold longer than that of MB (47 versus 15 min) in mice ( Figure 3A) . We next performed a wide range of dose tests between 0.3 and 6.0 mg/kg. Although the lowest dose of 0.3 mg/kg resulted in improved TBR compared with MB, substantial signal increase in tumors occurred with 1.5 mg/kg and 3.0 mg/ kg of Ox61, which showed much higher TBR compared with MB ( Figure 3B , P<0.001). Tumor signals were further increased when injected with the maximum dose of 6.0 mg/kg, but the background signal in pancreas also increased, which lowered the TBR between 1 h and 4 h. To determine the optimum time point for tumor targeting, we injected 1.5 mg/kg of Ox61 or MB into insulinoma-bearing mice and observed the TBR change over 4 h post-injection. In both cases, tumors became bright immediately after injection ( Figure 3C ). However, the pattern of uptake and retention at the tumorous tissue was notably different between Ox61 and MB. Ox61 gradually accumulated into insulinomas over 3 h post-injection, whereas MB rapidly disappeared within 1 h. The peak TBR of Ox61 occurred 3-4 h post-intravenous injection, at which point surrounding background signal had decreased drastically.
Tumor Targetability and Specificity of Ox61
Having determined optimal kinetics and dose, we tested the effect of physiological changes from tumor developmental stage on Ox61 uptake and retention. Small occult PNET (<2 mm) are extremely difficult to localize and cannot typically be visualized in the surgical field. When insulinoma-bearing mice were injected with Ox61, however, small occult tumors were clearly visualized throughout the pancreas (Video S1). In contrast, similar tumors were not detectable at 4 h post-injection of MB because of its fast elimination, leuco-MB formation, and poor optical properties ( Figure 3D ). After a single intravenous injection of Ox61, we successfully resected five different developmental stages of tumorigenesis under fluorescence image guidance with high TBR (tumor to pancreas) ( Figure 3E ). Because MRI has been used previously to monitor tumor growth, we compared tumor detectability with intraoperative fluorescence imaging. MRI visualized both hyperintense (early stage) and isointense (late stage) of larger sized tumors (>2 mm) of 13-week-old insulinoma mouse, yet delineating tumor margins was a challenge. After injection of 1.5 mg/kg of Ox61 into the same mouse, we obtained intraoperative fluorescence images co-registered with the MR images ( Figure S9A ). Dual-modality imaging permitted clearer margin assessment; however, fluorescence imaging revealed additional small tumors that were not detectable by MRI.
Next, we tested the effect of physiological change in tumor stages on Ox61 accumulation. PNET stages are well defined in transgenic mice: pre-angiogenic/hyperplasia (5-6 weeks), angiogenic/dysplasia (7-9 weeks), early stage tumors (10-11 weeks), mature stage tumors (11-13 weeks), and necrotic tumors (>13 weeks) (Bergers et al., 1999) . We performed Ox61-based tumor imaging in 5-to 13-week-old insulinoma-bearing mice (Figure S9B) . Surprisingly, Ox61 was able to target and localize pre-angiogenic tumors in mice with a reliable TBR R2.0 but short retention time compared with angiogenic and tumor stage. Histopathologic evaluation was performed on resected tumor tissues, which confirmed the morphological changes of tumors at each stage (Figure 3F) . Despite the heterogeneity nature of pancreatic endocrine tumorigenesis, the efficient uptake of Ox61 at all stages of tumors was observed. Hyperplasia stage and angiogenic stage tissues showed homogeneous fluorescence signal at the tumor site, whereas Ox61 uptake in the late stage of PNET was heterogeneous because, presumably, of limited blood supply. Areas around open vasculature exhibited more favorable accumulation of Ox61 compared with other areas with compressed vasculature (arrowheads).
Physiological Mechanism of Action of Ox61
To better understand the physiological mechanism of Ox61 accumulation at the tumor site, we measured absolute fluorescence intensity at the pancreas and the tumor from 0 to 150 s post-injection of 1.5 mg/kg of Ox61 and corresponding images at four different time points on the graph ( Figure 4A ). The entire pancreas and its associated tumors were stained with high intensity immediately after the injection. Both pancreas and tumors showed decrease in signal after reaching the peak of the blood distribution phase (phase 2). Interestingly, the signal intensity in the tumor increased gradually after a short period of clearance, whereas the pancreas signal continued to decrease (phase 3-4). This phenomenon clearly demonstrates the high specificity of Ox61 to tumor site. The distribution of tumor-targeting probe is dependent on the transport through tumor vasculature into the extravascular tissue (Dewhirst and Secomb, 2017) . For further analysis of the diffusion of the Ox61 from the tumor capillaries, we performed real-time, quantitative intravital fluorescence imaging. Within 10 s after the injection a large amount of Ox61 diffused from microvasculature of the tumor followed by rapid accumulation in all tumorous tissues as well as large venules ( Figure 4B ). We next compared the performance of Ox61 with various tumor-specific protein-conjugated fluorophores (GLP-1, cRGDyK, and CREKA micelle, see Transparent Methods), which are known to have high specificity to tumors Wild et al., 2008; Ruoslahti et al., 2010) . None of these conjugates were able to target a single tumor in insulinoma-bearing mice 1 h post-injection ( Figure S10A ). In addition, we tested tumor cell specificity of Ox61 by generating NIT-1 subcutaneous tumor in nude mice and injected with 1.5 mg/kg of Ox61 but were not able to observe accumulation into the tumor ( Figure S10B ). 
DISCUSSION
We have successfully developed a pancreatic tumor-targeted contrast agent, Ox61, through systemic engineering of a clinically available, yet poorly performing NIR fluorophore, MB, for intraoperative imaging (Winer et al., 2010; Matsui et al., 2010) . Ox61 has overcome historical shortcomings of NIR fluorophores, including low water solubility, short circulation time, low quantum efficiencies, poor photostability, high plasma protein binding rate, and low TBR . Ox61 has improved molecular brightness (>5-fold), redox stability, blood circulation (>3-fold), and targeting specificity (>10-fold) compared with MB. The improvement in optical properties resulted from (1) high oscillator strength derived from the larger atom size (covalent radius of atom: S = 0.104 nm versus O = 0.066 nm), (2) low-energy p-p* transition donating electron density (electronegativity: S = 2.4 versus O = 3.5), and (3) low solvation energies in polar media (HBA: S = 2 versus O = 3) (Bradberry, 2003) .
Our data clearly indicate that design of a tumor-targeting fluorophore requires a specific combination of physicochemical properties of the molecule. By analyzing quantitative physicochemical properties of synthesized molecules (Figure 2A) , we have determined that specificity to tumor is highly dependent on the chemical structure, MW, hydrophilicity (logD at pH 7.4), and total polar surface charge ( Figure S8 ) (Lee et al., 2012) . Molecular weight was a critical property because molecules larger than 300 Da had poor targetability. Hydrophilicity of molecule also played important role in determining tumor specificity; for example, elongation of one or two methyl groups on the side chain increased logD and decreased the tumor targetability. These physicochemical properties had combinatorial effect on the tumor targetability. MW less than 300 Da did not always have good tumor targetability if it also had high logD (Ox4). Also, if the molecule had slightly high logD with low TPSA and MW (Ox89), it likely also displayed good tumor targetability.
The distribution of tumor-targeting agents also relies on the plasma pharmacokinetics and transport through tumor vasculature into the extravascular tumor tissue (Dewhirst and Secomb, 2017) . Plasma protein binding (PPB) greatly impacts the behavior (distribution and elimination) of the drug, where only the unbound fraction is available to interact with the target site (Trainor, 2007) . To have lasting pharmacological effect, a large fraction of the drug must be distributed to the tumorous tissue with high affinity (Dewhirst and Secomb, 2017) . Interestingly, Ox61 had the highest unbound fraction compared with all the other drugs in the library. In addition, molecules with similar physicochemical properties as Ox61 but lower TBR had smaller unbound fraction compared with Ox61. This clearly explained why Ox61 outperformed all the other drugs and emphasize that PPB is a critical parameter to determine the availability of drug to the biological target.
Our data clearly show that Ox61 quickly extravasated and accumulated into tumor tissue with higher affinity compared with normal pancreas after intravenous injection (Figure 4 ). Physicochemical and pharmacodynamic characteristics including positive charge of Ox61 might facilitate extravasation and accumulation in tumor tissue with the negative charges of the vessel luminal face and molecules in the interstitial space (Campbell et al., 2002; Azzi et al., 2013) . The development of targeted NIR fluorescent contrast agents for endocrine tumor is particularly difficult because it requires initial distribution into the endocrine organ while simultaneously localize in higher concentration within the targeting tumor, regardless of anatomic location and barriers to give contrast between the normal tissue (Hyun et al., 2014 (Hyun et al., , 2015b Owens et al., 2016) . When bioengineering contrast agents that target tumors by their inherent chemical structures, we must determine the design criteria (i.e., size, charge, and hydrophobicity) of the drug with regard to the plasma pharmacokinetics and physiological barriers to the target tissue. A significant portion of Ox61 injected intravenously in a single formulation was immediately delivered to the tumors, providing unparalleled contrast between the normal pancreas and the pancreatic tumor. To our knowledge, there is no single contrast agent that can highlight tumor within a minute after intravenous injection.
In conclusion, NIR fluorescent intraoperative imaging using Ox61 greatly facilitated the localization of small occult PNET and has the potential to reduce operation times and increase the likelihood of negative margins. Our new technology of drug design for delivering targeted agent can be applied for developing various other tumor targeting agents (i.e., ovarian, breast, thyroid) and can result in immediate detection of tumor upon injection with high specificity, which is difficult to achieve with nanoparticles or proteins and transporter targeting. Furthermore, Ox61 has high potential for accelerated approval by FDA for clinical use of tumor targeting, following the safety and regulatory guideline of MB.
Limitation of the Study
Even though we performed extensive in vivo and molecular analyses to determine to the mechanism of action allowing PNET targeting by Ox61, we were unable to determine target proteins or transporters on PNET cells. The physicochemical properties of Ox61 led rapid molecular distribution into the tumor site, whereas the retention mechanism on the target needs further investigation.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101006. 
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TRANSPARENT METHODS
Chemicals and Methods
All chemicals and solvents were of American Chemical Society grade or HPLC purity and were used as received. HPLC grade acetonitrile (CH3CN) and water were purchased from VWR International (West Chester, PA) and American Bioanalytic ( 
Synthesis of symmetrical and unsymmetrical phenoxazine derivatives:
A series of phenoxazinium based dyes x-x was synthesized through the condensation reaction between a pnitrosoanilines with substituted naphthalen-1-ols, naphthalen-1-amines or 3-aminophenols in acidic solutions, as shown in Scheme 1. The required precursor, nitrosophenol can be obtained by the usual procedure involving treatment of either di-alkylated or mono alkylated m-aminophenol with sodium nitrite in the presence of hydrochloric acid. Since nitroso reagent constitutes the first half of the dye,
the alternate half has to be carefully selected since they determine the substituents present at the 5and 9-positions of the tetracyclic system and 5-and 7-positions of the tricyclic system of the target compounds. The cyclization occurs in the presence of a strong mineral acid, such as perchloric or hydrochloric acids and is driven by the formation of the aromatic dye.
N-(7-(dimethylamino)-3H-phenoxazin-3-ylidene)-N-methylmethanaminium chloride (Ox61):
A mixture of compound 3 and 5 (2 mmol) in i-PrOH (20 mL) was stirred under an inert atmosphere.
2 mol eq of HCl was added, and the mixture was heated under reflux for 6 h. The dark blue solution was concentrated under reduced pressure and the residue was purified by silica gel column chromatography, using acetone/methanol (from 10:1 to 10:2 v/v). The dark blue fractions where concentrated to a total volume of 2 mL, and a 1:1 mixture of EtOAc and Et2O (20 mL) was added to crystallize the product. The mixture was ultrasonicated for 10 min and filtered. 40, 96.12, 117.18, 133.76, 148.92, 157.90 . N-(7-(dimethylamino)-2-methyl-3H-phenoxazin-3-ylidene) 25, 156.44, 148.52, 147.82, 134.19, 133.17, 132.64, 132.21, 129.33, 116.93, 95.96, 93.87, 41.15, 39.02, 17.42, 13.86 
N-(7-(dimethylamino)-3H-phenoxazin-3-ylidene)-N-ethylethanaminium perchlorate (Ox261):
The compound was prepared as reported previously with slight modification to method. N-(7-(diethylamino)-3H-phenoxazin-3-ylidene)-N-ethylethanaminium chloride (Ox96) : The compound was prepared as reported previously. ) Yield 40%; mp: 204 °C (dec.); 1 H-114.85, 108.31, 95.26, 93.29, 37.75, 16.95, 13.48 9-(diethylamino)-5H-pyrido[3,2-a] 161.39, 153.67, 151.54, 147.73, 134.49, 134.15, 132.33, 128.49, 125.86, 118.67, 114.78, 113.90, 108.77, 95.45, 45.40, 11.55 52 (s, 3H) ; 13 C-NMR (MeOD) δ ppm 176. 00, 157.09, 131.53, 131.10, 129.00, 123.44, 122.24, 121.14, 95.83, 48.45, 37.51, 16.08, 12.74 
9-(ethylamino)-2-hydroxy-10-methyl-5H-benzo[a]phenoxazin-5-iminium chloride (Ox13):
The compound was prepared as reported previously. (Firmino et al., 2014 ) Yield (0.83 g, 73%); mp: 30, 161.26, 154.44, 151.50, 147.39, 134.66, 131.44, 127.51, 125.85, 119.34, 115.63, 109.13, 96.09, 94.09, 49.03, 38.55, 17.71, 14.26 38, 161.39, 153.67, 151.54, 147.73, 134.49, 134.15, 132.33, 128.49, 125.86, 118.67, 114.78, 113.90, 108.77, 95.45, 45.40, 11.55 68, 171.74, 160.69, 151.48, 150.19, 146.11, 139.98, 133.61, 130.70, 127.50, 124.27, 123.85, 118.59, 110.06, 108.30, 104.42, 96.98, 51.53, 46.30, 31.46 97, 157.60, 154.70, 151.46, 147.59, 133.35, 133.16, 131.47, 129.29, 126.64, 126.26, 118.55, 117.54, 105.62, 93.70, 92.53, 56.19, 38.61, 17.84, 14.23 97, 157.40, 154.70, 151.46, 147.59, 133.35, 133.16, 131.47, 129.29, 126.64, 126.26, 118.55, 117.54, 105 .62,
Optical and physicochemical property analyses
All optical measurements were performed at 37 °C in PBS, pH 7.4 or 100% FBS buffered with 50 mM HEPES, pH 7.4. Absorbance and fluorescence emission spectra of the series of NIR fluorophores were measured using fiber optic HR2000 absorbance ( 
Cell membrane binding assay
NIT-1 (ATCC, Manassas, VA) were seeded onto 16-well plates and incubated at 37°C in humidified 5% CO2 incubator in F12K and DMEM, respectively, supplemented with 10% FBS and 1% Pen/Strep. When cells reached ≈ 80% confluence, they were rinsed twice with PBS then MB or
Ox61 was added to each well at a concentration of 2 µM and incubated for 1 h at 37°C in a humidified 5% CO2 incubator. Cells were washed 3 times with culture media prior to imaging. After imaging, periodic acid at a concentration of 0.1 mM was added and images were taken immediately after. The cells were observed on a 4-channel NIR fluorescence microscope. The excitation and emission filter used for microscopy was 650 ± 22 nm and 710 ± 25 nm, respectively.
Plasma protein binding test
The RED device was purchased from Thermo Fisher (Waltham, MA) and the plasma protein binding assay was performed following the detailed instruction provided by the manufacture. (Brouwer et al., 2000) 200 µL of samples were prepared in mouse plasma serum at 10 µM. The samples were added into the sample chamber and 400 µL of PBS buffer (pH 7.4) was added to the buffer chamber.
The plate was sealed with sealing tape and incubated at 37°C on a shaker at 150 rpm for 4 h. Equal volume from both the buffer and the plasma chambers were collected for samples analysis.
Fluorescence signals of each chamber were measured to calculate the percentage of bound and unbound fractions for each sample.
NIR fluorescence imaging system
For the NIR fluorescence imaging, the FLARE system has been described in detail previously. In this study, a 670 nm excitation was used at a fluence rate of 2 mW/cm 2 , with white light (400 -650 nm) at 12,000 lx. Color and NIR fluorescence images were acquired simultaneously with custom software at rates up to 15 Hz over a 10 cm diameter field-ofview (FOV). A pseudo-colored lime green was used for NIR fluorescence in the color-NIR merged images. The imaging system was positioned at a distance of 9 inches from the surgical field. For all real-time intraoperative imaging, a standardized imaging protocol was used during and after the operation. General FOV (5 cm in dia.) was used to include pancreas head, duodenum, liver, and kidneys of a mouse, while closeup FOV (3.3 cm in dia.) includes pancreas head and duodenum.
Color and NIR fluorescence images were taken simultaneously.
Animal models and intraoperative fluorescence imaging
Animals were housed in an AAALAC-certified facility. Animal studies were performed under the supervision of BIDMC IACUC in accordance with approved institutional protocols (#101-2011). 4 wk old insulinoma-bearing NOD/ShiLt-Tg(RipTAg)1Lt/J mice (both male and female) were purchased from Jackson Laboratories (Bar Harbor, ME). Insulinoma-bearing mice were maintained on a high glucose diet (8.4 g sugar in 250 mL water) until they were ready for intraoperative tumor targeting study. Animals were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine intraperitoneally (Webster Veterinary, Fort Devens, MA). Following anesthesia, a midline incision was made to expose the abdominal cavity and head of the pancreas. For kinetics and dose-response studies, 0.3 to 6.0 mg/kg of MB or Ox61 in saline were injected intravenously into insulinomabearing tumor mice, and images were taken over 4 h (n = 5, mean ± s.d.). Control images were acquired prior to injecting NIR fluorophores. The fluorescence signal in tumors (Tu) and tumor-tobackground ratio (TBR) compared to neighboring pancreas (Pa) was obtained over the period of imaging. For tumor stage targeting, insulinoma-bearing mice from 5 to 13 wk old were administered with 0.3-6.0 mg/kg of Ox61 in saline. Real-time signal accumulation at tumor site was observed over 30 min post-injection of 1.5 mg/kg of Ox61, and the fluorescence intensity was plotted to evaluate in vivo molecular biodistribution and clearance. Animals were sacrificed 1-4 h postinjection, and pancreas and tumorous tissues were resected for ex vivo imaging and histology.
In vivo biodistribution and clearance
Before the surgery, mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) through intraperitoneal injection. Midline incision was performed to open abdominal cavity. For all real-time tumor imaging, a standardized imaging protocol was used during and after the operation.
General FOV included pancreas head, duodenum, liver, and kidney. 1.5 mg/kg of MB and Ox61 were injected intravenously into 25 g male CD-1 mice, and images were taken for 4 h.
Magnetic Resonance Imaging (MRI)
1T micro MRI scanner (Aspect, Israel) was used to track tumor growth noninvasively and longitudinally. Insulinoma-bearing mice were scanned once every week starting at 5 wk to 14 wk old of age. In order to optimize the MR protocol, T1-weighed spin echo, T2weighed spin echo, and gradient echo sequences were compared using the same insulinoma-bearing mouse. T2-weighed fast-spin echo (FSE) sequence was used to localize tumor with echo time (TE) of 80 ms and repetition time (TR) of 4,000 ms using 4 NEX, 256 x 256 matrix, and 1 mm slice thickness. MRI images were analyzed using VivoQuant 1.22 software.
Histology and immunohistochemistry (IHC)
Pancreas was embedded in Tissue-Tek OCT compound (Fisher Scientific) without a pre-fixation step and the tissue solidified at -80°C. Frozen samples were cryosectioned (10 µm per slice) and fixed in acetone; 1 slide was stained with H&E and consecutive sections were used for fluorescence microscopy and IHC. For IHC, Exendin-4 (GLP-1 agonist; Abcam) conjugated with ZW800-1 was used to visualize pancreatic islet cell tumors. Fluorescence imaging was conducted using a Nikon 
Quantitative analysis
At each time point, the fluorescence and background intensity of a region of interest (ROI) over each tissue was quantified using custom FLARE software. The signal-to-background ratio (SBR) was calculated as SBR = target signal/background signal, where background is surrounding tissue.
The TBR was calculated as tumor fluorescence/background signal, where background is the signal intensity of neighboring pancreas obtained over the imaging period. All NIR fluorescence images were normalized identically for all conditions of an experiment. At least 5 animals were analyzed at each experimental condition. Statistical analysis was carried out using a one-way ANOVA followed by Tukey's multiple comparisons test. P values less than 0.05 were considered significant: *P <0.05, **P <0.01, and ***P <0.001. The experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome assessment. Results were presented as mean ± s.d. and curve fitting was performed using Microsoft Excel and Prism version 4.0a software (GraphPad, San Diego, CA).
Intravital laser-scanning microscopy
Under ketamine-xylazine anesthesia, the insulinoma-bearing mice were mounted on a heated stage.
The pancreas was placed under the upright water immersion objective lens (20X, 1.0 NA) of a custom-built, video-rate (30 Hz), laser-scanning two-photon microscope. Both FITC-dextran (2 MDa MW) and Ox61 were excited by 150 fs pulses centered at 800 nm from a Ti:Sapphire laser.
The average power was tuned to ~ 20 mW at the sample. The microscope has 3 simultaneous detection channels comprising dielectric optical filters and photomultiplier tubes. The two-photon excited fluorescence from Ox61 was collected with a band-pass filter at 600 ± 50 nm, and the fluorescence from FITC-dextran was detected with a 525 ± 25 nm filter. Images were acquired by averaging 30 video frames (1 s). The images were analyzed using ImageJ version 1.45q software. 
